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ABSTRACT: Silicon is a promising negative electrode for selaoy lithium-based batteries, but
the electrochemical reversibility of particularlyanmostructured silicon electrodes drastically
depends on its interfacial characteristics, commdanlown as solid-electrolyte-interface (SEI).
The beneficial origin of certain electrolyte add#s or different binders is still discussed
controversially owing to the challenging peculi@stof interfacial post-mortem investigations on
electrodes. In this work, we address the commoficdifies of SEI investigations on porous
silicon/carbon nanostructures and study the additb a fluoroethylene carbonate (FEC) as
stabilizing additive as well as the use of two elifnt binders, carboxymethyl cellulose/styrene-
butadiene rubber (CMC/SBR) and polyacrylic acid fAon the SEI formation. The electrode is
composed of silicon nanocrystallites below 5 nnmmditer allowing a detailed investigation of
interfacial characteristics on silicon owing to tlheégh surface area. We first performed
galvanostatic long-term cycling (400 times) and riear out comprehensive ex-situ
characterizations of the cycled nano-silicon etat#s with XRD, EDXS, TEM and XPS. We
modified the preparation of the electrode for posttem characterization to distinguish between
electrolyte components and the actual SEI. The anpathe FEC additive and two different
binders on the interfacial layer is studied anddbeurrence of diverse compounds, in particular
LiF, Li2O and phosphates, is discussed. These resultsdelpderstand general issues in SEI
formation and to pave the way for the developméaiwanced electrolytes allowing a long-term

performance of nanostructured Si-based electrodes.
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1. INTRODUCTION

Lithium — ion batteries (LIBs) are currently thestichoice for portable electronic devices due to
their high energy density and good reversibilityr ignificant further enhancement of the energy
density, the development of new electrode mateviils higher capacity is inevitable. Silicon

is a promising candidate to replace graphite asnwonly used anode in LIBs since it offers
capacities up to 10 times higher than graphiteatwyv discharge potential. In addition, silicon
showed high potential as safe anode in post EfB&.critical aspect concerning silicon anodes is
the so called “solid electrolyte interface” (SERieh is a passive surface film typically formed on
anode materials by decomposition of the electradgimponents during the first cycle. If the SEI
is stable, it prevents further decomposition ofdleetrolyte and allows good Li — ion conductivity.
For instance, a graphite-based SEI formed durirdirry in ethylene carbonate shows these
positive properties which are a major reason fer éktremely high reversibility of graphite as
anode’ This passive layer is supposed to be insufficjestable on silicon due to continuous
volume expansion and contraction of up to 300%rdpcycling® The reiterating volume change
causes a continuously growing passive interfacechviglectrically isolates the active silicon
species and results in fast capacity fading ofa@ilinanostructures whereas bulk silicon rather
suffers from pulverization during lithiation. Theaee several strategies to stabilize the SEI on
silicon. Liuet al proposed a carbon encapsulation of silicon naticfes as an artificial SEI with
void space between silicon/carbon to compensatedhene expansiob.Silicon nanoparticles
below 20 nm seem to stabilize the S&lue to highly reactive surface atoms which leath&o
development of high-performance silicon nanostmaéstit'?2 Another promising and facile

approach that aims to stabilize the SEI formatiorsiticon is the use of electrolyte additives and
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modified conductive salt$:*® These modifications can improve the reversibiéigceptionally
owing to the formation of a stable SEI during timial cycles. One of the most promising
candidates is fluoroethylene carbonate (FEC$:1’This compound drastically improves the cycle
stability without complexly designed silicon structs. Intensive research has been carried out to
determine the origin for the stabilization in ortiedesign more efficient additivé%In this regard
silicon nanowire®, thin silicon filmg? 15 20-22and silicon nanoparticlés?®> with 50—-100 nm in
size have been examined. As first group Cébial. attributed the enhanced stability to a
pronounced formation of LiF and Si-Burface groups originating from the decompositdn
FEC}® which was recently confirmed. Other studies indicate the deposition of a smooth
polycarbonate or polymer-like layer on silicon amain factor for stabilizatiot®: 2° A major
reason for partially controversial results is foundhe large number of parameters affecting SEI
formation. Electrochemical preparatténcurrent rate’ and potential window for galvanostatic
cycling significantly influence the SEI formatidhbut more important, the procedures made for
enabling post-mortem analys€sThe washing procedure of the electrode prior talysis can
affect the surface composition, but it is necessamgmove electrolyte components. The SEI on
silicon typically consists of a complex structurighaan upper organic layer (semi-organic lithium
carbonates) and a lower inorganic matrix.Q®s, LiF, etc.)?42> 2°In this regard, Tasalet al.
examined the solubility of different SEI componeatsd showed that the organic salts can
dissolve3® The dissolution of compounds may cause a hugetyaof results in literature. For
example, the concentration of phosphorus, centoah @f the complex anion of the electrolyte’s
conductive salt, determined by X-ray photoelecspectroscopy (XPS) on thin silicon films after
cycling varies from 8 at.% to 0.1 at.% even und®ilar test conditiong®211t is often ambiguous

what is part of the SEI and what are just resichfesdectrolyte components like conductive salt
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LiPFe or solid co-solvents (i.e. ethylene carbonateqddition, the role of the binder on the surface
chemistry of silicon-based electrodes is not walestigated. It is believed that the functional
groups of the binder (such as RCOOH) undergo chameaction with the silicon surface which
should affect the surface chemisttyTo avoid these interactions binder-free electratesused
for interfacial investigation, but their practiaplication is not realistic yét: 3>-33Therefore, an

investigation with different binders will help toweil their role in silicon-based anodes.

In this study, we highlight three current and datiécissues of SEI investigations for nano-silicon
electrodes in Li - ion batteries: I) The washinggadure for reliable post-mortem electrode
characterization is addressed which is based borasonication treatment verified as an effective
non-destructive procedure to remove only electeobgmponents from the surface. 1) We focus
on the superior electrochemical performance dufdcaddition of FEC and discuss the role of
interfacial compounds on silicon electrodes, irtipalar Li>O, LiF and phosphates formed during
electrochemical cycling. 1ll) The significant efteaf two well-known binders for silicon-based
electrodes, namely carboxymethyl cellulose/stydem@diene rubber (CMC/SBR) and
polyacrylic acid (PAA}* on SEI formation on nanoparticulate silicon is damentally
investigated. As the Si anodes prepared with the dfethe aforementioned binders show similar
electrochemical performance and characteristitsdampristine state, post-mortem characterization
identifies different organic surface species indubg just changing the binder. A model for the
SEI formation is proposed and major challengesommaring literature results obtained under
unique experimental conditioase discussed. We highlight the SEI properties&adformation

mechanism on silicon nanocrystallites with 2 - 5inmize embedded in a porous carbon scaffold
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after 400 galvanostatic cycles at high currentsrat® example for highly reversible and highly

stable nanoparticulate Si-based negative electraterials.



Page 7 of 37 Physical Chemistry Chemical Physics

2. EXPERIMENTAL

2.1 Preparation of the silicon-car bon nanocomposite

The silicon-carbon nanocomposite was prepared dicgpto a recently published syntheSis.
Briefly, a hydrogen silsesquioxane (HSQ) precura@s produced by polycondensation of
trichlorosilane with water in presence of a sudattunder inert gas atmosphere. The dried HSQ
precursor was annealed at 1100 °C which causeanaférmation into a silica matrix with
embedded silicon nanocrystallites of 2 - 5 nm esietermined by TEM and XRB.After
annealing, the composite was wrapped into carbmugh carbonization of sucrose and finally
etched with hydrofluoric acid to remove the silicaatrix. The porous silicon-carbon
nanocomposite (nc-Si@C) was dried under vacuum.

2.2 Electrochemical Testing

A water-based slurry (8:1:1 = composite:Super RMQAL):CMC/SBR (1:1 m/m)) was prepared
in 1 M HCI by using a swing mill and sonication.eltemperature of the slurry should not exceed
25 °C in order to avoid oxidation. The electrodesyevprepared by drop coating onto 12 mm
copper discs (9 pm thickness, MTI Corporation) awmbsequently dried under vacuum to
minimize oxidation. Ethanol was used as solventtierPAA binder (Sigma-Aldrich, M~ 450
000) to prepare the slurry (8:1:1 = composite:SUERA). The final electrode was prepared by
blade coating on copper foil and 12 mm copper digae punched out. The mass loading was 2
+ 0.4 mg/electrode with about 33 wt.% of totalcah on the electrode and a dried electrode
thickness of 100 = 9 um. The electrodes were tearedd into a glove box filled with argon {8

<1 ppm, Q< 0.1 ppm) and finally dried at 100 °C in vacuunmeught before assembling
Swagelok test cells. We used 250 pl of electrodytd a glass fiber (Whatman) as separator for
each cell. 1 M LiPFin ethylene carbonate (EC): dimethyl carbonate @Mith a 1:1 v/v (LP30,

Selectilyte BASF) was used as additive-free elégeaeference. The electrolytes containing the
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additive FEC (>99%, Solvay Chemicals) are compaséaMC:EC:Additive (2:1:1 v/v/v) with 1

M LiPFs (> 99.9%, < 20 ppm water, ABCR Chemical). All cheals were used as received
without further purification. For the counter elexte metallic lithium foil (Chempur, 250 pm
thickness) was applied. Galvanostatic cycling wasied out between 0.01-1.2 V vs. Liflwith

a BaSyTec cell test system. All measurements wanatized at 25 °C. The specific capacity and
current rates were calculated based on the masdliafn. Investigations of the electrolyte
decomposition were carried out in a three-electi®dagelok cell, using lithium as counter and
reference electrode and silicon-carbon nanocomgmsis working electrodes. The experiment
consisted of repetitive potentiostatic polarizasiéo 0.84 V vs. Li/Li for a duration of one hour,
and subsequent measurements of the open circeitodtover four hours.

2.3 Characterization of Morphology

Prior to post-mortem characterization, the Swagelels were disassembled after 400 cycles in
the glove box and the silicon electrodes were wasmn®& ml DMC (< 20 ppm water, Selectilyte
BASF) twice and once in 5 ml DMC with a sonicatlmath for 5 min, if not otherwise mentioned.
For sonication, the samples were sealed in a awartén avoid exposure to air/water and put into
a continuous ultrasonic cleaner (VWR symphony).eAfsonication, the samples were kept
overnight for sedimentation of the dispersed makeiin order to remove the solvent. The
electrodes were finally dried under vacuum for IThe preparation for each characterization
method was done in the glove box in order to awoidtact with air or moisture. X-ray powder
diffraction (XRD) experiments were performed innganission geometry with Cu,Kradiation

on an STOE Stadi P diffractometer with curved Géjktystal monochromator and 6°-position
sensitive detector. The sample was pressed beti{agion tape to avoid exposure to air during

scanning. The scan range was 10°6<20° with a step size @20 = 0.01° with three repetitions.
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Rietveld analyses were carried out assuming ismropystallite size distribution. Scanning
electron microscopy (SEM) was realized with a Gerhs80 from LEO equipped with a Bruker
EDXS detector. TEM was performed with a Tecnai E8Qipped with field emission gun and
operated at 300 kV. A dispersion of the electrodgéemal was dropped on a copper grid with lacey
carbon film. During sample transfer into the elestrmicroscope the exposure to air was
minimized, but could not be completely excludedray-photoemission spectroscopy (XPS) was
carried out with a Physical Electronics PHI 5600s@$tem with Mg K radiation (350 W) at a
pass energy of 29 eV and a step size of 0.1 eVMdsource (1253.6 eV) causes lower charging
effects than a commonly monochromatic Al source3€1l@ eV) allowing a precise investigation
of insulating SEI components. A special transfearsher was used to prevent air exposure. The
binding energies were normalized to LiF F 1s (6&8/%to correct for surface charging effetts.
The pristine electrode was normalized to carbors 284.5 eV). Elemental concentrations from
the XP spectra were calculated using standardeselgiment sensitivity factors. The core level
signals were fitted with a Gaussian function (M&li¢ Software) using a basic linear background
after normalization to 1. Arsputtering was performed at 3.5 keV correspontbrgy5 nm/min for
Si0.. The silicon content in the nc-Si@C composite watermined by thermogravimetry
(Netzsch Jupiter STA 449C) after combustion in kgtit air at 900 °C (10 °C/min heating rate).

From the amount of residual silica the silicon-tobon ratio was calculated.
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3. RESULTSAND DISCUSSION

3.1 Propertiesof the pristine electrode

Structure and electrochemical performance of theoys silicon-carbon nanocomposite was
extensively studied in our recently published répbHerein, we address the surface properties of
silicon after slurry-based electrode preparationctviis crucial to understand the SEI formation
on electrode materials in Li —ion batteries. Ing&l, the hydride-terminated silicon nanopatrticles
at hand are meta-stable and slowly oxidize in a& th omnipresent radical$Thus, the surface
properties of the silicon nanoparticles can chahgeng the slurry-based electrode preparation in
ambient atmosphere. To get an impression on thativéeg, surface species and structure of the
nanoparticulate silicon are primarily characteribgdPS and XRD in order to evaluate structural
changes during electrode preparation with the tifferént binders. The results are displayed in
Figure la which shows the typical X-ray diffractipattern of cubic silicon. Data analysis
according to the Rietveld method prove the presehsdicon nanocrystallites of less than 5 nm
in size after preparation with water- (CMC/SBR) asthanol-based (PAA) slurry. This
observation is in agreement with the results ferdb-synthesized nanocomposft&he surface
species were identified by XPS (Figure 1b). In bs#imples, similar surface composition are
observed as expected (Table S1). The Si 2p biretieggy position shows two maxima at 99.9 eV
and 104 eV corresponding to silicon and siliconxitle, respectively! The binding energy
position between these maxima is attributed teailisuboxides. Both oxides are the result of
silicon oxidation due to handling in air and incdetp etching process of the silicon-carbon
nanocomposité? 38 A native oxide layer is present on any silicondshsnaterial and the high
concentration of oxides in our material originai@sn the high surface area. Similar amounts of

silicon dioxides and suboxides independent of teetede preparation are found. Deconvolution

10
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of the C 1s binding energy shows a peak maximur@84t5 eV and 286 eV in both binders
corresponding to C-C and C-O bonds, respectivelp assult of the porous carbon scaffold.

Additional functional groups at 288 — 290 eV (eflwarboxy and carbonate groups) stem from the

binder.
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Figure 1. a) XRD pattern and b) XP spectra of the pristifiean electrodes prepared with PAA
and CMC/SBR as binder.

3.2 Electrochemical Characterization

Electrochemical experiments were conducted in aveational carbonate-based electrolyte
composed of 1 M LiPHn EC/DMC (1:1 v/v) (LP30) with and without padtisubstitution of EC
with FEC (1 M LiPFk in EC/DMC/FEC (1:2:1 v/viv) (LP30 + FEC) according a recent
publication!® The delithiation capacity vs. cycle number of sile&on-carbon nanocomposite in
dependency of the two binders and the FEC addisiatepicted in Figure 2. The initial capacity
is almost equal for all samples independent of &irehd FEC addition. The initial drop and
subsequent increase of capacity may be attribotedh &activation process or to a delayed uptake
of electrolyte into the porous struct#feThis special behavior is not observed during oygchf

the electrode at low current rates (0.5 A/g) conifitg our assumption (Figure Sla). The largest

difference in reversibility is observed in dependenf FEC addition whereas the binder seem to

11
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affect the reversibility negligible. However, itlwbe shown that the results of SEI investigation

vary in dependency of binder.

2000

= PAA/LP30+FEC

o PAA/LP30

= CMC/SBR/LP30 + FEC
o CMC/SBR/LP30

1500 4

1000 —;

3]

[=3
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L
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o

T T T T T T T
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Figure 2. Galvanostatic cycling between 0.01-1.2V vs. LlAti2.5 A/g (two pre-cycles at 0.5

A/g) of the silicon electrode in dependency of l@ndnd FEC addition.

3.2.1 FEC effect on the electrochemical performance

With the addition of FEC the properties changed @r@doccurring large differences after FEC
addition are addressed in detail. In the additree-Electrolyte the silicon anode reveals a capacit
loss of 43 % after 200 cycles and 75 % after 4@Desy In contrast, the addition of FEC stabilizes
the silicon anode and causes a capacity loss gf 2ihl% after 200 cycles and 36 % after 400
cycles. Similar findings have been reported regamtlusing large silicon nanoparticles with sizes
between 50-100 nm or structured silicon andf€$.%?As can be observed in Figure 3a, the
Coulombic efficiencies (CEs) of the first cyclesahed from Figure 2, are 35 % with FEC and
40% for the additive-free electrolyte. A low CE gegts a severe initial SEI formation and strong
electrolyte decomposition. However, after 10 cydles CE reaches the highest value for FEC
indicating a stabilized SEI on silicon. The saneatkris observed at low current rates (Figure S1b),
but with a higher CE already after the first cyléghe presence of FEC. Repetitive polarization

experiments at 0.84 V vs. LifLhave been carried out to examine the electrolgt®mohposition

12
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with and without FEC at the anode surface separfabved the lithiation/delithiation (Figure S2).
The results confirm the initially high consumptiai FEC observed in the galvanostatic
experiments and prove the formation of extremebtqutive layer on the anode after cycling. The
results confirm a recently published wéfkout are contrary to other repotts*® Figure 3b shows
the first two discharge/charge curves in dependerfidie electrolyte. A flat voltage plateau at
1.45 V vs. Li/Li" appears with FEC addition. This reduction currenbetter documented in the
differential capacity profile dQ/dV vs. U (Figure)3a standard plot for the analysis of different
reaction mechanism in batteries, and indicatesapiwase transition likely as a result of FEC
polymerization and precipitation on the high suefacea of the electrode. In case of the additive-
free electrolyte, a slope below 0.9 V vs. Li/lis attributed to the decomposition of ethylene
carbonate. At potentials below 0.2 V vs. Li/lthe lithiation of crystalline silicon begins (Figu
3b), exhibiting the characteristics of a two phtaaasition due to amorphization of the crystalline
silicon?* These results are in accordance with literatuhmi €t al.reported a reduction of FEC
at around 1.4 V2 Note that the two phase plateau of the FEC decsitipo has not been
described sufficiently in detaif: ° We attribute this distinct event to the sub-5 nitican
nanocrystallites and the porous carbon scaffolds Hanostructured material exhibits a high
surface area and thus causes stronger electragsumption in the first cycle than observed in

conventional silicon structuré$.16

13
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Figure 3. Electrochemical characterization of the silicomctlode with CMC/SBR as binder in
dependency of FEC addition. a) Coulombic efficientyhe galvanostatic cycling between
0.01-1.2V vs. Li/Ltat 2.5 A/g (the first two cycles at 0.5 A/g), betfirst two discharge/charge

curves and c) the differential capacity of thetfdscharge.

3.3 Post-mortem Analysis of the SEI

All electrodes were galvanostatically cycled 400ds between 0.01 — 1.2 V vs. Lifldt a current
rate of 2.5 A/gi (~1 mA/cn?) (shown in Figure 2) and disassembled in the llali¢éd state.

3.3.1 Theremoval of electrolyte components

Before characterization of the SEI, compounds whighpart of the SEI or which are residues of
the electrolyte components have to be specifiegctillyte components can hide or overlap the
often much weaker signals of SElI components. Ifleation of the origin of an enhanced
reversibility caused by the SEI or its components mearly impossible in this case. Typical
electrolyte components which can be found as residue EC, FEC and the conductive salt kiPF
It is well-established in literature to wash thieeen electrode smoothly 1 - 3 times with dimethyl
carbonate (DMC) in order to remove the electrolgtanponents, but typically considerable
amounts of the conductive salt are obseft&d.?> 4%For thin silicon film$° simply washing of
the electrode may be sufficient because the suifatmv, but for often studied porous silicon-

carbon nanocomposites with high surface and sorestinigh pore volume (as in our case)

14
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considerable amounts of electrolyte componentstihimemain after smooth washitfg?* due to

the high absorbing capabilities. Thus, we applieshart sonication procedure to remove loose
electrolyte components. In order to show the silitatof this technique as non-destructive for
SEI components for the removal of electrolyte congmts, we characterized one electrode after
rinsing three times with DMC and an identically legt electrode with an additional sonication
process of 5 min in the third and final washinggaess. The results of XPS are presented in Figure
4. With sonication, the silicon concentration irages and the phosphorus as well as fluorine
concentration is lower as expected for the remoYalectrolyte components. The same trend is
observed for measuring the electrode compositidim BDXS (Table S2). Considering the binding
energies of each element (Figure 4 and Li 1s / @résshown in Figure S3) before and after
sonication, we can observe only two major diffessnc

1) From deconvolution of the P 2p spectrum, we rdateed 0.08 mol.% LiP§&with sonication
and almost three times more without sonication40rl.% LiPF). The occurrence of LiRF
compounds are verified by the appearance of a igneinergy position at ~ 688 eV in the F 1s
spectrum.

2) The binding energy position at ~288 eV in C fiscérum decreases by approximately 20 %
after sonication which we majorly attribute to awéyed O-CH-CH,-O/ O-CHF-CH-O
concentration originating from EC / FEC and to platial removal of easily soluble semi-organic
carbonates such as (@BICOLi) 2, CHOCO.Li as typical upper SEI componefit® The removal

of these components is also be observed in thespdarum (Figure S3) because the intensity of
the binding energy position at 534 eV correspondin@-O species is lowered after sonication.
Note that the concentration of the £€@90 eV) and C-O (286 eV) species are nearly equal

independent of the washing procedure indicatingimet! Lb.COz and CH-OLi.**

15



Physical Chemistry Chemical Physics Page 16 of 37

All other elements show no change in their chemataracteristics. Importantly, the Si 2p
spectrum is higher resolved after sonication dughéhigher concentration of silicon and the
binding energies remain constant indicating a left@f reaction-sensitive SiASiy nanoparticles
during the washing procedure. Phosphates(B@ a major part of the SEI whereas Bpecies
seems to be mainly a residue of the electrolytthdigh it was proposed that LiPkay be part
of the SER® our results show that this species is easily $elabd likely dissolves during cycling
whereas the vast majority of GGpecies and phosphates remain. Hence;cBftaining
compounds cannot be substantially part of the Sklsmall-sized silicon nanoparticles. In
summary, a short sonication procedure is a progpison-destructive way to remove softly-bond
electrolyte components. However, the partial rerhovahe upper organic SEI components (in
particular CHOCGO,Li) cannot be excluded, but it allows a charactdran of the interfacial
characteristics on silicon and upper organic SEl igna suitable technique for non-destructive

depth-profiling of the SEI.

16
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Figure 4. XP spectra (left) and concentration (right) of #lecon electrode with PAA as binder
after 400 times cycling in LP30 with FEC additiondependency of the washing procedure

(washed 3 times in DMC with a final sonication pes or 3 times in DMC without sonciation).

3.3.2 FEC effect on SEI formation

For clarity, we applied the sonication procedurgemove any electrolyte components. EDXS
(Table 1) provides valuable information of the edgrtal composition of the entire post-mortem

electrode. It reveals the lowest silicon and highesbon content cycled in the additive-free

electrolyte suggesting pronounced decompositioelettrolyte components. For the additive-

containing electrolyte an increase of silicon caoniion from approximately 7 wt.% to about 10

wt.% and a lower carbon concentration are obserUbis. result points to less organic material

and thus weaker decomposition of electrolyte. Sigpmt difference is detected for the fluorine

concentration which is eight times higher in thegence of FEC as electrolyte additive. A larger

amount of additive decomposed during cycling iscbated from these observations and is also

17
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in accordance with recent repotts?®Interestingly, considerable amounts of phospharasonly
present when FEC is used.
Table 1. Elemental composition of the silicon electrode@MC/SBR as binder after 400

times cycling in dependency of FEC addition deteediby EDXS.

Sample Si (at.%) C (at.%) O (at.%) F (at.%) P (at.%
wlo FEC 6.8 42.1 48.8 2.2 0
with FEC 10 37.8 39.5 11.1 0.7

X-ray diffraction gives insights about structuredamorphology of the entire post-mortem
electrode and the results are depicted in FiguNpSeflections appear in case of the additive-free
sample, indicating completely amorphous materialteNthat the silicon reflections typically
disappear after cycling due to an amorphizatiorcgse during lithiatio? In case of FEC, we
observe the reflections of LiF with cubic cryst&iusture Fm-3m). From the XRD pattern a
crystallite size of roughly 4 nm is determined bRiatveld analysis. The formation of crystalline
LiF is also confirmed by TEM (Figure 5b). The bridleld images show an agglomeration of the
porous carbon scaffold attached to silicon nanapest after cycling. A high-resolution analysis
is not possible because the high-energy electramlzkiecomposes the SEI components. However,
selected area electron diffraction (SAED) proves ftrmation of nano-crystalline LiF only for
the addition of FEC. LiF is often detected by XP&asurements, but has not yet been reported in
diffraction experiments after cycling. It is likefgprmed in the initial cycles where a two-phase
transition is observed which suggests a precipitafiiom the liquid phase. The role of fluorides
in Li — ion batteries are controversially discus&ediF is recognized as an insulator for both

lithium ions and electrons and its formation shdoddavoided? In contrast to this, LiF is often
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associated, among other compounds, as SEl-stalgilmmponent for silicon-based electrodes
resulting in an enhanced cycle stability?® 45-46The rather controversial literature reports sugges
that LiF may be neither beneficial nor disadvantagefor the reversibility. From the aspect of
diffraction experiments, we can detect LiF onlythe presence of FEC. From this point of view
LiF indeed supports a better cycling stability. Her, since most of the material is amorphous,

further information for evaluation is provided by%¥ measurements.

a ) - observed
— calculated
. 7 b —— difference
2 € | Bragg position
S 118 S without FEC
1] 8 B
S 3 ] G
%‘ D =4nm
c
2
£
" with FEC
4 | | LiF (Fm-3m) ' |
30 40 50 60 70 80 90
b) 26 (°) [Cu Ka,]

——(220) LiF

——(200) LiF
SS—{111) LiF

P
A

Figure5. a) XRD pattern and b) TEM bright-field images (Jefith selected area electron
diffraction (SAED) (right) of the cycled siliconesttrodes with CMC/SBR in dependency of

FEC addition.
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Figure 6 displays the XPS results and the chersmalposition. We detect a concentration of ~ 1
at.% silicon for both samples. Higher amountstbidim in the FEC sample indicate lithium salts
as major components of the interfacial layer orcail. Further differences are found in the
carbon/oxygen ratio and the fluorine concentrat\ith FEC the carbon/oxygen ratio is higher
(2.31) than without additive (0.8). The fluorinedgphosphorus concentration is up to five times
higher with FEC suggesting high decomposition ef @ldditive and an integration of hydrolysis
products of LiPEinto the SEI. Higher amounts of phosphorus witlCFdgldition were reported
by Elazariet al. and Cheret al. on, respectively, thin silicon films and silicomnoparticles,
suggesting pronounced decomposition of the condudalt as well as the integration of the
products into the SEY: ??However, almost no phosphorus is detected withmiadditive.

Both Si 2p spectra in Figure 6 show signals withhaximum at approximately 101 eV which
corresponds to k8i0y.2* This compound is an initial reaction product dfilim with SiQ which

is present in large concentrations on the pristleetrode (Figure 1). From literatétét is known

that SiQ undergoes different reactions during cycling whace summarized here:

) SiOz+ 4 Li— Si+2 L0
) 2 Si0;+ 4 Li— Si+ LiuSiOs

) SiO2+ HF— SiOF, + H:0

The release of HF is a by-product of the reactibthe Pk ion with traces of water and the
decomposition of the FEC additive. From Reactiondll, it is clear that large amounts of both
Li>O and LkSiO4 can be formed during the first discharge procdssiwwas reported by Philippe

et al?® For the additive-free sample we additionally okeea shoulder at 105 eV which
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corresponds to fluorinated silicon suboxides (&if#° and SiQ. SiO; may be partially the result
of residues from the glass fiber separator. Conisigehe sample cycled in the FEC-containing
electrolyte, an additional elemental silicon sigagl9 eV is present which corresponds to the
active material for reversible lithium storage. fing each silicon species we determined an
elemental silicon contribution of approximatelyZ3vhereas the additive-free sample shows less
than 10 %. This observation suggests a very tliii@iSE| of less than 4 nm in case of additional
FEC since the XP attenuation lengths of laboradmnay sources (here, 1253.6 eV energy) is
around 2-3 nm.

The total amount of carbon-oxygen (§®pecies on the pristine electrode was estimat&d 4.
After cycling in the additive-free electrolyte tlels binding energy postion features a maximum
at 285.7 eV majorly corresponding to C-O speciastarconductive carbon (C-C species at 284.5
eV).*” A second local maximum at 290 eV is observed ahbgdithium carbonates and diverse
semi organic lithium carbonates. These results eemid the presence of (@BPICGLI)2,
CH2OCOQOpLi, CH3OLi and LkCOs as typical SEI components in alkyl carbondtehe total
amount of CQspecies increased to 83 % indicating a strondrelgte decompositionVith FEC

as additive the dominant signal is shifted to 2&/9vhich majorly corresponds to the conductive
carbon scaffold as a result of the thin SEI. Theémergy signal at 283 eV corresponds to lithiated
carbon®® Only low amounts of C@and C-O species with a total concentration of 3&&gresent
which is only slightly higher than for the pristiakectrode (34 %). This observation provides proof
of a negligible decomposition of the electrolytéveats DMC and EC. The low concentration of
CGQs/ C-0O species and the high intensity of C-C/C-Hd®point to the formation of a thin layer-
like polymer, presumably a vinyl polymer with fuizetal C-O / CQ groups, on the silicon-carbon

composite. It was proposed that FEC can decompmddFt and vinylene carbonate which
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oligomerizes to polycarbonates as stable SEI arosil® Vinylene carbonate has been proven to
be an effective stabilizer in LIBs owing to therfaation of stable polycarbonattsNakai et af®
proposed HF and b€Os formation by a ring opening reaction of FEC amsl subsequent

polymerization to a vinyl polymer. A recent regdrsuggests the formation of poly(-vinyl

carbonates).
with FEC —LiSi, with FEC —— lithiated carbon :
N —Si i —— C-C (carbon) with FEC
—Lisio, ——C-0/0-C0
——sio, —co,
<. —SxOXFY | 95% 1%
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Figure 6. XP spectra and concentrations of the silicon epdets with CMC/SBR as binder

cycled 400 times in dependency of FEC addition.

The binding energy position of the Li 1s core lespéctra (Figure S4) is located at about 56 eV
for both samples and corresponds to various littsatts in the SE1 The characteristics in the O
1s spectrum are similar. For the additive-free akpmaximum at 532.5 eV is observed. The

addition of FEC shifts this peak maximum to loweergies (531.5 eV). Higher energies indicate
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the presence of more GOpecies whereas the lower O 1s binding energyiposs attributed to
the presence of L$i0O, which is supposed to be a major component of EHeo8 silicon?* Taking
into account the integrated peak area and theosilixygen concentration, we determined a
stoichiometric oxygen number of about 3 for theitndelfree sample and 4 with FEC according
to Reaction Il. Interestingly, we observe a peakimam at 528.5 eV only in the FEC sample
which corresponds to 0. Li2O is typically formed in the first cycle due to tteaction of Si@
with lithium, as explained earlier (Reaction I).ilRipe et al?* reported that LD was reversibly
detected in nano-silicon anodes even after manyesybut seems to disappear owing to a

dissolution by HF (from the decomposition of FEQ &P Fe):

IV) Li2O + 2 HF— 2 LiF + 2 BO

To further investigate the presence of@,we sputtered the sample for 5 min in order toaee

the first 15 - 20 nm of the surface. Although seittg is known as a destructive method, it does
not necessarily destroy all chemical compoundh&SEI. Previous investigations on metallic
lithium anodes show that 40 is stable during sputtering with an*Aveant® After sputtering
(Figure 7), the LJO peak in the O 1s spectrum appears significantdyenmtense in case of the
FEC sample. In contrast, no0 is observed in the sample cycled in the addifige-electrolyte.
Note that L+O can also be formed through decomposition ofdithcarbonate by Arsputtering.
However, if this reaction occurs,20 will be predominantly present in the additiveefedectrolyte
due to the higher amount of carbonates in the $B results indicate that the,O must be
located between the silicon and the upper SEI ande retained with FEC addition. We will also

consider the C 1s energy (Figure 7) after spuigeiorshow that the results for carbon species are
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reasonable. The peak maximum is shifted to lowergas as result of the partially uncovered
carbon scaffold and residues of lithiated carboinath samples. Furthermore, the amount of CO
compounds decreases due to the removed SEI malese observations agree well with results
from non-destructive depth-profilird.“¢Based on this observation, we propose that tmeSEil
formed with FEC is sufficiently stable to prevehetdissolution of 1JO by HF. This result is
surprising since HF readily diffuses through anintbolymer. The SEI formed with FEC
effectively suppresses HF diffusion and is chenycatry stable. This property of the SEIl is in
accordance to a recent study which proved goodnidestability of the SEI formed with FEC of
up to 200 °C on highly reactive lithiated silicehAnother study reports an enhanced reversibility
for nano-silicon anodes with the conductive s#iilim bis(fluorosulfonyl)imide (LiFSI) as welf.
Similar as for FEC, the dissolution okO was successfully suppressed here but could berrat
result of a weaker HF generation from the morelsthif-SI salt (compared to LiRJthan from a
protective layer. However, it suggests that anaitéd dissolution of O and its formation from

silicon dioxide may be good indicator for bettecleystability.

with FEC with FEC —Li0
—— litiated carbon —u
——C-C (carbon) g
——C0/0-CO —— 0, Sio,

co,

O1s

without FEC

) without FEC

C1s

292 290 288 286 284 282 280 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Figure 7. XP spectra of the silicon electrodes with CMC/S&Rbinder cycled 400 times in

dependency of FEC addition after*Aon sputtering (~ 15 nm surface removal).

The F 1s spectrum (Figure S5) of the additive-f@mple in the non-sputtered state consists of a

signal at 687.7 eV with low intensity and a distisignal at 685.5 eV corresponding to traces of
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LiPFs, LixPO/F; and LiF, respectively. The phosphorus species@rBrmed by the P 2p spectrum
(Figure 6). The signal at 137.5 eV points to tragethe conductive salt and the one at 134.5 eV
to partially fluorine-substituted phosphates (Rigscl/). The presence of fluorine-substituted
phosphates as part of the SEI after cycling in eatienal carbonate-based electrolyte has been
reported previously? 22 2°The concentrations of these phosphates seem ymeticeably. Our
results suggest that negligible concentrationsanfigdly fluorinated phosphates participate in the
SEI formation on silicon in the additive-free eletyte. With addition of FEC, the F 1s spectrum
exhibits solely one signal at 685.5 eV correspogdin(nanocrystalline) LiF as already confirmed
with XRD. The LiF cannot be present as closed Iay®ce a crystallite size of 4 nm (determined
through diffraction experiments) in a layer-likeusture would cause the absence of any other
signal in the XP spectrum as result of the lowratstion length of these photons (2-3 nm) at this
energy. Thus, the overall morphology of LiF is @msas nanoparticles or as a porous scaffold.
This finding contradicts a recent work suggestimaf & layer-like structure of LiF stabilizes the
SEI2% Our findings support other reports attributing #ghanced reversibility to an organic
polymeric film structureé® The P 2p spectrum (Figure 6) reveals a bindinggnaosition at 134.0

eV proving the presence of majorly phosphates hrdihe-substituted phosphates. The presence
of FEC causes the hydrolysis of considerable ansooinitiPFsto (fluorinated) phosphates which
are integrated into the inorganic part of the SHie general reaction path of the phosphate

formation was described in literatuf®(Reaction V).

V) PR+ HO— POR +2HF
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Hence, more water is generated in presence of @ditivaed which may be formed by the reaction
of silica and LO with HF (Reaction Il and IV). Latter is generatey the decomposition of the
fluorine additive. Similar results were reported®lyoi et al'® and Elazarét al?? on thin silicon
films. Hydrolysis of PE ions is considered as a major factor for irred®@estapacity loss in LIBs,
but it seems to influence the electrochemical parémce positively. This behavior is consistent
with a report of Dalavéet al'® who observed a positive effect for the incorparatf decomposed
LiPFe into the SEI. However, in a recent study dealinth wilicon nanoparticles (>50 nm) less
decomposition of PFwas observed when FEC is adde@his observation may result from less
silicon dioxide on large silicon nanoparticles whits considered as a major reason for a
pronounced water generation (Reaction Ill). We pegpthat the amount of silicon dioxide plays
a critical role in cycle retention. It was showattl certain amount of silicon dioxide can stabiliz
the electrochemical performan@eThis finding likely correlates to the observed@iand
phosphates which are the successive reaction pramfuthe silicon dioxide on the pristine

electrode surface with the electrolyte.
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3.3.3 Theeffect of the binder

To study the effect of the binder on the SEI foliorgtwe used the electrolyte LP30 with FEC
addition. For both binders a thin SEI on silicofiasnd because significant amounts of elemental
silicon are observed in the Si 2p spectrum (Figu&6). This characteristic was observed only
with FEC addition and is independent of the bindéowever, the concentration of silicon is
considerable less when PAA is used as binder (TAbkhich lowers the resolution of the Si 2p
spectrum.

Table 2. Elemental composition of the silicon electrodeedeined by XPS after 400 times

cycling in LP30 with FEC addition in dependencytiod binder.

Sample Li (at.%) Si(at.%) C (at.%) O (at.%) F (at.%) P (at.%)
CMC/SBR 35.23 1.17 29.44 23.57 9.48 0.95
PAA 27.55 0.53 36.08 24.32 11.09 0.43

In addition, the carbon and fluorine concentratgohigher and the C 1s energy (Figure 8a) reveals
significant more CQ compounds on the surface with PAA as binder. Imti@dar, the
concentration of DMC/EC and their related compoundeeases considerable whereas the lithium
concentration is considerably lower with PAA suduopeslower proportions of lithium salts as
major constituent of the SEIl. The.O identified as retained interfacial compound WHEC
addition is solely observed after sputtering (F&g8b) indicating a thicker passive layer with the
PAA binder. The P 2p spectrum reveals higher camagon of LiPF with the PPA binder (Figure

4 & 6). From these results, we conclude that therall’chemical species in the SEI are similar,
but the amount of electrolyte-related components sis EC/DMC and LiRfts higher when PAA

is used. This observance may be the result obagtr interaction of electrolyte components with
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PAA, for instance through a pronounced swellingha electrolyte. PAA is well known as a
superadsorber. Magasingiial.analyzed the swelling of PAA and CMC and foundsigmificant
difference34 However, they used diethyl carbonate (DEC) whetieasmaller molecule, DMC as
solvent in LP30 may behave differently. Furthermaitee analyzed molecular weight was
considerable lower. Our assumption is supported biudy of Bordest al. dealing with nano-
Si/graphene in PAA as binder cycled in LP30 withCPE The test conditions and electrode
composition were comparable to the conditions andseour work. They observed no silicon on
the electrode surface by XPS after 50 cyéleghich is conform to our study since only little
concentration of silicon were observed in PAA. imclusion, a different binder does not change
the overall structure of the SEI, but it can coasathly change the amount of surface species on
the electrode which originates from the swellingheff binder with electrolyte as well as stronger
or weaker interactions of electrolyte-related comgras with the individual binder. It can impede
the detection of crucial SEI components due toickén layer of electrolyte(-related) species on

the electrode surface, as shown faiQ_as typical interfacial SEI component on silicon.
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Figure 8. XP spectra of the silicon electrodes cycled 408§ in LP30 with FEC in dependency
of the binder a) no sputtering and b) after spimewith an Af beam (~ 15 nm surface

removal).
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Figure 9. Simplified schematic illustration of the silicoasbon nanostructure after long-term

cycling in dependency of FEC addition.

4. CONCLUSION

The electrochemical analysis of the nanocrystaliiieon/carbon electrode with FEC addition
revealed an enhanced reversibility, but initiallyigher electrolyte consumption compared to the
additive-free electrolyte. After few cycles the dewosition with FEC addition is negligible
suggesting the formation of a protective layer. UMC/SBR or PAA binder does not influence
the overall electrochemical performance. Galvarizstang-term cycled electrodes (400 times)
were characterized in dependency of FEC additi@hbamder. A modified washing procedure of
the electrodes including a sonication step wassitigated which allows the evaluation of the
actual SEI and residues of electrolyte compongpearing very similar as specified by common
surface sensitive characterization techniques.rébelts suggest that retained LiFalt plays a
negligible role on the SEI of silicon/carbon eled®s. The addition of FEC responsibly causes an
extremely low electrolyte decomposition (EC/DMC)eavafter 400 cycles. The formation of
considerable amounts of nanocrystalline LiF wagplexd by XRD, TEM and XPS. The crystallite

size of 4 nm suggests a porous rather than a clidsetike morphology. From this result we
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propose that fluorides have neither a beneficialandisadvantageous effect on the reversibility
and are just a decomposition by-product at mostaWiute the enhanced reversibility with FEC
to a very thin (< 4 nm) polymer layer (presumablyreyl polymer) on the silicon/carbon electrode.
A high concentration of kD in the FEC-containing electrolyte suggests thatdiffusion of HF
(formed from fluorinated compounds) through the 8&Bbrevented. Note that40 is a reaction
product of the successive decomposition of thera&iQ layer on silicon with the electrolyte in
the first cycle. The additive-free electrolyte aasifigh electrolyte decomposition and shows no
ability to prevent dissolution of k. Phosphorus species seem to play a negligibéeinothe
additive-free electrolyte. In contrast, high cortcations of phosphate are observed with FEC
addition which may result from an increased amof@intater traces. The water traces are attributed
to a higher HF release from the fluorinated additwnd its subsequent reaction with oxides and
carbonates (Si§)Li20, Li>COs). Our results suggest that both the FEC and tBeg8ay a critical
role in the reversibility of silicon-based anod&he application of another binder does not
completely change the overall structure of the $Ht,it can complicate the analysis due to the
occurrence of more electrolyte-related componentthe surface caused by swelling effects or a
stronger interaction with the PAA binder. Figurdl@strates a simplified schematic view of the

silicon-carbon nanostructure before and after agcin dependency of FEC addition.
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